INTRODUCTION
Hemophagocytic lymphohistiocytosis (HLH), also known as hemophagocytic syndrome, is a devastating disorder characterized by defects in natural killer cell and cytotoxic T-cell function, and inappropriate activation of macrophages, leading to hemophagocytosis with resultant cytopenias and a plasma "cytokine storm" [1] [2] [3] . Patients with HLH almost always have evidence of liver inflammation, commonly being mild to moderate elevations of transaminases. Acute liver failure (ALF) associated with HLH is rarely reported and generally recognized to be extremely fatal [4] [5] [6] [7] [8] . Currently, there is a paucity of information on the successful treatment of ALF associated with HLH [9] . Herein we report a 16-year-
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old boy with chickenpox who developed ALF and concomitant HLH, successfully rescued by a combination therapy of acyclovir, and immunosuppression with dexamethasone and etoposide, fortunately avoiding liver transplantation.
CASE REPORT
A previously healthy 16-year-old boy presented with generalized rash and severe abdominal pain, followed by fever and abnormal liver function within 4 d. Chickenpox was suspected, and intravenous acyclovir was started at a dose of 10 mg/kg/d. On admission, the patient was stable, alert, and oriented to person and place. The temperature was 38.5℃, the blood pressure 125/65 mmHg, the pulse 105 beats per minute, the respiratory rate 22 breaths per minute, and the oxygen saturation 99% while he was breathing ambient air. There were papulovesicular rashes on the face and trunk, with various stages of development including maculopapules, vesicles, pustules, and crusts ( Figure  1A and B). Extensive ecchymosis was noted on the lower abdomen and thighs ( Figure 1C ). The patient's liver function deteriorated overnight with coagulopathy and grade 2 encephalopathy. The white blood cell count was 14.3×10 9 /L; hemoglobin 118 g/L; platelet count 44×10 9 /L; alanine transaminase 6499 IU/L, aspartate transaminase 8496 IU/L; total bilirubin 16.8 μmol/L; albumin 31.6 g/L; lactate dehydrogenase 12290 IU/L; international normalized ratio 1.65; and prothrombin activity 45%. An ultrasound of the abdomen showed splenomegaly, but neither hepatomegaly nor ascites.
The patient was diagnosed with ALF. A thorough investigation for an etiology was performed. Markers for hepatitis A, B, C, and E virus infection and for human immunodeficiency virus infection were negative. Antinuclear, anti-smooth muscle and anti-mitochondrial antibodies were negative. There had been no recent travel, illicit drug or alcohol use, or herbal medicine intake. In view of the recent onset rash, we tested the blood and blister liquid for herpes group viruses. The polymerase chain reaction (PCR) amplifications of Epstein-Barr virus (EBV), herpes simplex virus (HSV1, HSV2), cytomegalovirus (CMV), and human herpes virus 6 were negative, but varicella-zoster virus (VZV) PCR amplifications were positive, both in the blood and blister liquid. The patient recalled that one month before admission, a number of his schoolmates had developed chickenpox.
The patient was thus deemed as having varicellainduced ALF, and underwent a combination therapy of acyclovir (10 mg/kg every 8 h, for 10 d), intravenous immunoglobulin, and multiple transfusions of platelets and fresh-frozen plasma. On the 4th day of admission, his liver enzymes started to decline ( Figure 2C ) but pancytopenia developed (Figure 2A and B). This prompted us to consider HLH. Further investigation revealed markedly high serum ferritin (69670 ng/mL) and hypofibrinogenemia (148 mg/dL), though bone marrow biopsy showed no evidence of hemophagocytosis. He met the diagnostic criteria for HLH according to the HLH-2004 guideline (Table 1 ) [1] , and was treated with dexamethasone and etoposide on the 5th day. Imipenem was added in this high-risk neutropenic patient, and de-escalation strategy was applied in the following days. His abdominal pain abated dramatically by the 8th day, the ecchymosis gradually resolved ( Figure 1F ), and the skin lesions regressed ( Figure 1D and E). Meanwhile, the laboratory values continued to improve (Figure 2 ). The recovery was uneventful, and he was discharged from the hospital. The patient remained healthy without a recurrence of HLH during a 3-year follow-up.
DISCUSSION
Indeterminate ALF necessitates a broad evaluation for underlying etiologies; both infectious and noninfectious are included. Although screening for common forms of viral hepatitis, including hepatitis A to E is nearly universal, testing for viruses less frequently considered hepatropic may not always be complete [10, 11] . For example, some cases of herpes virus-associated fulminant hepatitis were only confirmed by postmortem liver biopsy [12] . VZV is a hepatropic virus that belongs to the family of herpes viruses, and is the cause of chickenpox, a highly contagious but generally mild disease in childhood, which could be more severe in adults. Varicella-induced ALF is rare but potentially fatal, and should always be suspected in the presence of ALF and vesicular skin rash [13] . Our patient was a 16-year-old adolescent who was previously in good health and had not ever before caught chickenpox. He presented with generalized vesicular rash and severe abdominal pain several days before ALF. Soon after, PCR amplifications of VZV were found to be positive in both specimens of blood and blister liquid, confirming that VZV was a causative factor in the development of ALF in this case. Furthermore, the patient rapidly developed pancytopenia, and hyperferritinemia, suggesting the coexistence of HLH, a devastating syndromic disorder, characterized by fever, splenomegaly, cytopenia and the finding of activated macrophages in hemopoietic organs [1] [2] [3] .
Though not yet listed as part of the current diagnostic criteria, various degrees of liver inflammation are considered a typical feature of HLH [2, 3] . ALF associated with HLH is extremely fatal and rarely reported. Very few patients have been documented to survive with their native liver. In recent years, HLH first presenting as ALF was becoming increasingly noticed while the mortality remained high [4] [5] [6] [7] [8] . HLH was thus considered an important differential diagnosis for ALF. Unexplained liver failure with concurrent cytopenias and elevated serum ferritin should suggest HLH [14, 15] . A diagnosis of HLH can be made if a patient meet five of the following criteria: fever, splenomegaly, cytopenia, elevated serum concentrations of triglycerides, ferritin, or soluble interleukin-2 receptor (sIL-2R), hypofibrinogenemia, the presence of hemophagocytosis, or decreased or absent natural killer cell function (Table  1 ) [1] . HLH can be either primary, with a genetic etiology, or secondary, associated with a variety of triggers, including infection, malignancy, drugs, rheumatologic and metabolic disorders [2, 3] . Among them, viral infection is the most frequent trigger, and herpes viruses (most commonly EBV, CMV, and VZV) account for 62% of reported viral cases of HLH [16] . Viral infection may trigger deficiency in cytolytic activity, which results in uncontrolled activation of macrophages, histiocytes and T cells. This in turn produces an exaggerated inflammatory response caused by hyper-secretion of pro-inflammatory cytokines such as tumor necrosis factor α, interferon-γ, interleukin 1, interleukin 4, interleukin 6, interleukin 8, interleukin 10, and interleukin 18 [16, 17] . This so-called "cytokine storm" can be pathogenically related to the development of the clinical and laboratory features of HLH and contributes to tissue damage and progressive systemic organ failure. The treatment of HLH is designed to halt any underlying trigger and control the overactive immune system [1] [2] [3] . If a malignancy or infection is identified, disease-specific treatment should be initiated immediately. Additional immunosuppressive therapy is almost always needed in severe cases and in those who fail to respond to disease-specific therapy within 2 to 3 d. The classic regimen containing etoposide and dexamethasone selectively depletes pathologic, activated T cells and suppresses inflammatory cytokine production, thus breaking the vicious cycle of immune dysregulation [3, 18] . Recent studies have suggested that patients with ALF have an immune dysregulation pattern similar to observations in HLH [11, 19] . Some patients with ALF present with elevated ferritin and sIL-2R levels, low fibrinogen, and numerous infiltrating CD8+ T cells on liver biopsy, which are compatible with those found in HLH [19, 20] . However, they do not manifest the full spectrum of criteria required for diagnosis of HLH. In contrast, HLH diagnosis in the context of ALF is exceptionally complicated: some of the HLH-2004 criteria such as splenomegaly, fever, and cytopenia could appear in non-HLH-related ALF, and the HLH-2004 criteria are not validated in the setting of ALF. It may be inferred that at least a subset of ALF cases may manifest with the HLH spectrum in a shared pathophysiology predominantly affecting the liver (Figure 3) .
To our knowledge, this is only the second report of a successful rescue of ALF associated with HLH, without resorting to liver transplantation. The first case was a neonate with ALF and HLH triggered by HSV-1, who was successfully treated by high-dose acyclovir and immunosuppression therapy [9] . However, survival data in older children and adults are lacking, most of whom died or underwent liver transplantation [4] [5] [6] [7] [8] .
Although liver transplantation provides a treatment option for patients who fail to recover with medical management, the mortality is high. In addition, it has significant inherent risks including surgical complications and long-term immunosuppression [19] .
Herein we presented an adolescent with ALF and HLH induced by VZV, successfully rescued by a combination therapy of acyclovir, supportive care, and shortterm immunosuppression with dexamethasone and etoposide, fortunately avoiding liver transplantation. Our patient showed the highest ALT and AST level ever documented, indicating massive liver necrosis. Severe coagulopathy and encephalopathy also occurred. However, he finally made a full recovery and remained well during a 3-year follow-up period. In fact, there was another patient who survived from HLH and liver dysfunction secondary to rubella and varicella virus dual infection, but her liver damage did not reach the standard of ALF [21] . The limitation of our study was that we did not check sIL-2R or natural killer cell function. Since these investigations were time-consuming to perform and report, it was not feasible to rely completely on them in order to establish the diagnosis of HLH. Of note, our patient showed a markedly elevated serum ferritin of 69670 ng/mL. The differential diagnosis for such a high level of ferritin could be limited to few clinical [1] .
Presence of 5 or more of the following:
The condition in our patient [15] . Other chronic inflammatory disorders may elevate ferritin levels appreciably, but not to this degree. Despite the disease's name, hemophagocytosis is neither sensitive nor specific for HLH. Hemophagocytosis may not appear in initial biopsies and yet may linger in later biopsies even when other disease parameters begin to improve [2, 3] . In fact, we did not find hemophagocytosis in the bone marrow of this patient, which might be ascribed to relatively low sensitivity in early biopsies. It is important to keep in mind the constellation of items listed in the diagnostic criteria of HLH. Although the individual sign or symptom of HLH may occur in a variety of clinical circumstances, the combination of these features, indicating a unique pattern of pathologic inflammation, is sensitive and specific for corroborating the diagnosis.
In summary, we reported a case of ALF and HLH following varicella infection, successfully rescued by a combination therapy of acyclovir, supportive care, and immunosuppression with dexamethasone and etoposide. Given the rarity, high mortality, and complexity of HLH in the context of ALF, it is important to maintain a high suspicion for HLH in ALF with or without an identified etiology. Extensive investigation for underlying etiologies of HLH and ALF should be initiated as early as possible. This is essentially important for those with curable etiologies, such as varicella infection, as in this case. Early initiation of specific therapy targeting the underlying etiology, and watchful immunosuppression such as dexamethasone and etoposide, together with supportive therapy, are of crucial importance in this lifethreatening disorder.
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Case characteristics
A previously healthy 16-year-old boy developed acute liver failure (ALF) and hemophagocytic lymphohistiocytosis (HLH) soon after varicella infection.
Clinical diagnosis
Generalized skin rash with various stages of development including maculopapules, vesicles, pustules, and crusts were typical features of chickenpox [primary infection of varicella-zoster virus(VZV)].
Differential diagnosis
The differential diagnosis for extremely high level of ferritin (> 50000 ng/mL) could be limited to few clinical circumstances, such as Still's disease, HLH, and systemic histoplasmosis.
Laboratory diagnosis
A sudden onset of liver injury with soared transaminases and decreased
